catalyst was removed, the solvent was evaporated, and the residue was crystallized from acetone, affording methyl 2-aminobutanoate (14), identical in all respects with 14 obtained from hydrogenation of 11. Treatment of 14 with (+)-a-methoxy-a-[(trifluoromethy1)phenyllacetyl chloride gave ester amide 15 which showed a single peak, RT = 13.2 min, on high-pressure LC as above.
~-2 4 (tert-Butyloxy)carbonyl]amino]-3-butenoic Acid (18).
A solution of L-vinylglycine hydrochloride (1; 275 mg, 2 mmol), di-tert-butyl dicarbonate (575 mg, 2.1 mmol), and sodium bicarbonate (335 mg, 4 mmol) in 12 mL each of dioxane and water was refluxed for 2 h. The dioxane was evaporated, and the aqueous solution was acidified with dilute hydrochloric acid and extracted with chloroform (3 X 15 mL). The combined chloroform extracts were washed with saturated sodium bicarbonate and then water, dried, and evaporated to give 450 mg (87% yield) of 18 +78.5" (C 1.9, HZO), +96" (C 1, 2 N HCl); NMR (DtO) 6 4. 6 (d, Anal. as a colorless oil: NMR (CDC13) 6 1.46 (s, 9 H), 3.7 (m, 1 H), 4.73 CH30H). Anal. Calcd for C8Hl6NO4: C, 53.7; H, 7.5; N, 7.0. Found: C, 53.5; H, 7.8; N, 6.7.
The optical purity of acid 18 was determined by hydrogenating a solution of 18 (200 mg, 1 mmol) in 10 mL of methanol with Hz at 40 psi in the presence of 150 mg of 10% Pd/C for 16 h. The catalsyt was removed, the solvent was evaporated, and to the residue of 19 as a solution in 10 mL THF at -20 "C were added isobutyl chloroformate (137 pL, 1 "01)
and N-methylmorpholine (112 pL, 1 mmol). After the mixture was stirred for 10 min at -20 OC, (+)-a-phenylethylamine (130 pL, 1 "01) was added and stirring continued for 20 min. Extraction in the usual way gave the ~-2 4
[ (tert-butyloxy)carbonyl]amino]butanoyl-d-a-phenylethylamide (20) as a colorless oil in quantitative yield. The above procedure was repeated with acid 19 and (&)-a-phenylethylamine. The diastereomeric amides 20 from the latter reaction on highpressure LC (10/1 hexane/ethyl acetate, 1.5 mL/min) showed two equal peaks (RT = 9.6 and 11.1 min); the amide 20 from the former reaction showed only the single peak of R T = 9.6 min. Verrucarol (1) is the sesquiterpene portion of several macrocyclic dilactones which exhibit potent anticancer activity.' Certain derivatives of verrucarol are active in inhibiting viral infectiom2 Anguidin (2), a related com- Rigby have communicated7 a clever approach to the verrucarol ring system. Interestingly, Colvin has recently reported8 that his trichodermol route cannot be used to prepare verrucarol. Our initial synthetic strategy toward the A-B ring system of verrucarol is outlined in Scheme I.
Key steps include the Michael addition of the anion of an unsaturated nitrile and an intramolecular etherification reaction. This etherification reaction must afford a cis ring junction. Additionally, the unspecified group A must serve as both an activator for Michael addition and a convenient precursor for a carbonyl group. Previous work in our laboratory indicated that Michael addition reactions of cyclic unsaturated nitriles with good Michael acceptors afforded variable yields of easily purified products. In accord with the rest#rictions on group A, we chose nitroalkene 3 to initiate o w investigations. This compound can be conveniently prepared as depicted in eq 1. Although
it can be stored at 0 "C for a few weeks, optimal results are achieved with freshly purified material. Deprotonation of nitrile 49 with lithium 2,2,6,64etramethylpiperidide at -78 "C in tetrahydrofuran followed by addition of 3 and warming to 0 "C affords a 43% yield of adduct 5 (eq 2).
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H3CQ
-H 3 C T i 4 - No products arising from y Michael addition were observed as evidenced by the crude NMR spectrum. Notably, no elimination of the tetrahydropyranyloxy group could be detected. Compound 5 was clearly a mixture of stereoisomers. However, each isomer should be convertible to the desired product. Acid-catalyzed removal of the alcohol protecting group afforded 6. Several reaction conditions were studied for the transformation of alcohol 6 into ether 7 (eq 3). Both the selenoetherification method
of Nicolaou'(' and oxymercuration with mercuric trifluoroacetate" led t o recovery of 6. Since the inductive effect of the nitrile could be deactivating the olefin toward electrophilic reactions, hydrolysis of the nitrile was considered. All attempts to convert the nitrile to an acid or aldehyde led to the destruction of starting materials. Alternatively, 6 could be brominated with N-bromo- 
14
succinimide in carbon tetrachloride to produce an unstable allylic bromide. Neither base-induced cyclization with DBN nor silver nitrate mediated cyclization afforded identifiable products. In view of the failure of 6 to cyclize, a modification of our initial plan was required. This modification is depicted in Scheme 11. Reaction of the anion of ester 812 with various epoxides led to the isolation of spiro lactones in excellent yield. The most direct route to 9 involved reaction of the anion of 8 with epoxide 10 to produce lactone 11 in 94% yield. Lithium aluminum hydride reduction of 11 afforded a diol which in turn could be benzolated and hydrolyzed to form 9 (R' = PhCO; eq 4). Unfortunately, attempted cyclization of 9 with phe-
nylselenyl chloride or mercuric trifluoroacetate again led to recovery of starting material. Preferential complexation with the benzoate may be responsible for the reluctance of 9 to cyclize.
In view of problems encountered in forming the A-B ring system by intramolecular cyclization, a new strategy was devised which would unambiguously define the ring junction stereochemistry and also permit rapid access to a functionalized B ring. This plan is outlined in Scheme 111. Although the Diels-Alder reaction of isoprene with readily available methyl c o~~n a l a t e l~ had been rep~rted,'~ no assessment of the regiochemical purity of the adducts had been made. In our hands either the aluminum chloride catalyzed reaction at 23 "C or the thermally promoted reaction in benzene a t 110 "C produced a mixture of regioisomers in a ratio of 8515 13a/13b (eq 51, with the U involving reduction of 17 to the lactol with diisobutylaluminum hydride followed immediately by reaction of the unstable lactol with triethylsilane and boron trifluoride etherate" provided allylic ether 18 in 90% yield. Lithium aluminum hydride reduction and acidic hydrolysis afforded keto alcohol 14 (eq 8 expected regioisomer predominating. This ratio was determined by integration of the 400-MHz spectrum of the subsequent cuprate addition product. Experiments to optimize reaction conditions for the transformation of 13 to 14 were conducted on the mixture of isomers. Reaction of dimethylcopper lithium with the bicyclic lactone followed by hydroxylation according to the method of Vedejs15 afforded hydroxy lactone 15 (eq 6). The low overall C t i 3 0 2 C I c H3
(100%)
yield from 12 (13%) is due to polymer formation in the Diels-Alder step. Oxidation of hydroxy lactone 15 with N-chlorosuccinimide (NCS) and dimethyl sulfide16 in methylene chloride a t -25 "C followed by addition of triethylamine produced lactone 16. Experimental Section General Methods. Diethyl ether and THF were distilled from lithium aluminum hydride. All organic extracts were dried over Na2S04. Melting points were determined on a Fisher-Johns melting point apparatus and are uncorrected. Infrared spectra were determined on a Beckman IR-4250 spectrometer. Nuclear magnetic resonance spectra were determined on a Varian A60 or HA-100 instrument in CDC13 with absorptions recorded in parts per million downfield from internal Me4Si. High-resolution mass spectra were recorded on an AEI MS-902 high-resolution mass spectrometer.
2-(2-Nitroethoxy)tetrahydropyran. To 2-nitroethanol (9.1 g, 100 mmol) in 50 mL of methylene chloride were added dihydropyran (13.8 mL, 150 mmol) and pyridinium p-toluenesulfonate (2.51 g, 10 mmol). This solution was stirred at room temperature under nitrogen for 2 h. After dilution with chloroform, the solution was then washed twice with HzO, dried, and concentrated in vacuo. A fast silica gel column chromatography 2-Nitro-l-(2-tetrahydropyranyloxy)-2-butene (3). The crude 3-hydroxy-2-nitro-l-(2-tetrahydroppanyloxy)butane (2.19 g, 10 mmol) was stirred in 10 mL of methylene chloride at 0 "C under nitrogen. To this solution was added, all at once, mesityl chloride (0.77 mL, 10 "01).
After a few minutes, triethylamine (2.79 mL, 20 mmol) was added dropwise. Stirring was continued for 15 min. The solution was then diluted with methylene chloride and washed twice with H 2 0 and once with brine. After the solution was dried and concentrated in vacuo, silica gel chro- 
1-Cyano-4-methyl-I-cyclohexene (4). 4-Methylcyclo-
hexanone (6.1 mL, 50 mmol) was added over a period of 30 min to an ice-cold solution of sodium bisulfite (7.8 g, 75 mmol) in 15 mL of H20. Then potmsium cyanide (4.88 g, 75 mmol) in 10 mL of water was added slowly to the cooled mixture. The solution was allowed to warm to room temperature and stirred overnight. After the mixture wail extracted three times with ether, dried, and concentrated in vacuo, 4.34 g (62%) of cyanohydrin was obtained and used nithout further purification. The crude cyanohydrin was stirred in pyridine (7 mL, 90 "01)
at 0 "C under nitrogen. Thionyl chloride (6.27 mL, 86 mmol) was then added dropwise. The solution was warmed to room temperature and stirred overnight. The mixture was then poured into 100 mL of H20, the pH adjusted to 4 with 1 N NaOH, and the mixture extracted three times with ether. After the mixture was dried and the solvent removed in vacuo, the residue was distilled to 1-Cyano-l-(4-hydroxy-3-nitro-2-butyl)-4-methyl-2-cyclohexane (6). To a stirred solution of 2,2,6,6-tetramethylpiperidine (0.93 mL, 5.5 mmol) in 5 mL of THF at 0 "C under nitrogen was added 2.52 mL (5.5 mmol) of a 2.1 M solution of n-butyllithium in hexane. After 15 min, 4 (600 mg, 5 mmol) was added dropwise in 5 mL of THF. The red solution was stirred for 30 min at 0 "C and then cooled to -78 "C. Compound 3 (1.01 g, 5 mmol) dissolved in 5 mL of THF was then added dropwise. After 5 min the solution was warmed to 0 "C and quenched with acetic acid (0.63 mL, 11 mmol). After dilution with ether, the solution was washed once with H20 and brine, dried, and concentrated in vacuo. The crude product WEB then dissolved in 10 mL of 95% ethanol.
A trace of p-toluenenulfonic acid was added and the solution refluxed for 4 h. After the mixture cooled, 15 mL of H 2 0 was added, and the mixture was extracted three times with ether. The extracts were dried and concentrated in vacuo. Silica gel chromatography (2:l ether-hexane) yielded 512 mg (43%) of 6 as a mixture of diastereomers: IR ( 
l-fCarbomethoxy)-4-methyl-2,5-cyclohexadiene (8).
To 200 mL of liquid ammonia were added 7.5 mL of HzO, p-toluic acid (3.4 g, 25 mmol), and lithium (870 mg, 125 mmol). The lithium was added quickly over a period of approximately 3 min. The ammonia was allowed to evaporate over a period of several hours.
HzO (50 mL) was added and the pH adjusted to 4 with 3 N HCl.
The mixture was extracted with ether three times, and the extracts were dried. Filtration and removal of solvent in vacuo yielded 3.09 g of crude material (mp 98-102 "C; lit.12 mp 105-106 "C) which was dissolved in 50 mL of anhydrous methanol. Boron trifluoride etherate (3.2 mL) was added and the solution refluxed under nitrogen for 24 h. Upon cooling, the mixture was poured into 100 mL of H 2 0 and extracted three times with ether. The extracts were dried iind evaporated in vacuo. A 2.82-g (74%) sample of 8 was obtained as white needles from silica gel chromatography (41 ether-hexane): mp 68-71 "C; IR (Nujol) 3040, 1735, 1640 cm-l; NM[R (CDClJ 6 1.01-1.23 (m, 3 H), 2.29-3.30 (m, 2 H), 3.78 (s, 3 €I), 5.67-6.09 (br s, 4 H).
9,10-Epoxy-2,5,7-ltrioxadecane (10). Glycidol (1.33 mL, 20 mmol) and diisopropylethylamine (5.22 mL, 30 "01)
were mixed in 20 mL of methylene chloride at room temperature under nitrogen. (P-Methoxyethoxy)methyl chloride (3.42 mL, 30 mmol) in 20 mL of methylene chloride was then added dropwise. The solution was then stirred for 3 h. The mixture was diluted with ether and washed once with H20, 1 N HCl, and brine. The organic layer was dried and concentrated in vacuo to yield after silica gel chromatography 0xo-3-(2,4,7-trioxaoct-l-yl)-8-methyl-2-oxaspiro[4.5 ]-deca-6,lO-diene (11). To a stirred solution of 2,2,6,6-tetramethylpiperidine (0.56 mL, 3.3 mmol) in 3 mL of THF at 0 "C under nitrogen was added 1.57 mL (3.3 "01) of a 2.1 M solution of n-butyllithium in hexane. After 15 min, 8 (457 mg, 3 mmol) in 3 mL of THF was added dropwise. The solution was stirred 15 min at 0 "C and then cooled to -78 "C. A solution of 10 (487 mg, 3 mmol) in 3 mL of THF was then added dropwise. The solution waa warmed to room temperature and stirred for 2 h. The solution was then quenched with acetic acid (0.38 mL, 6.6 mmol). The mixture was diluted with ether, washed once with H20 and brine, dried, and concentrated in vacuo. Silica gel chromatography yielded 798 mg (94%) of 11 a~ a Viscous oil. NMR (4a(r,Sa(r)-4a-(Carbomet hoxy)-4a,5,8,8a -tetrahydro-7-methyl-2H-1-benzopyran-%-one (13). Method A. Aluminum chloride (67 mg, 5 mmol) was stirred in 5 mL of benzene at 0 "C under nitrogen. To this suspension was added, dropwise, methyl coumalate (750 mg, 5 mmol) in 5 mL of benzene. On addition of the coumalate, a sticky precipitate formed in large clumps; presumably this was an aluminum chloridecoumalate complex. This mixture was stirred 30 min at 0 "C, and then isoprene (2.5 mL, 25 mmol) was added all at once. The solution was allowed to warm to room temperature and stirred 48 h. A 10-mL sample of 1 N HCl was then added and the solution stirred vigorously for 30 min. The solution was diluted with ether and filtered through Celite, and the organic layer was separated, dried, and concentrated in vacuo. Silica gel chromatography (4:l hexaneether) yielded 723 mg of a mixture of the desired Diels-Alder product 13, the 6-methyl regioisomer, and an undesired product. The last few fractions yielded 46 mg of Diels-Alder products free from this undesired material. This almost pure mixture of regioisomers exists as a viscous oil: IR (film) 1730,1750 (sh), 1640, 1260 cm-'; NMR (CDC13) 6 1. 68 (br s, 3 H), 1.85-2.97 (m, 4 H), 3.76 (s, 3 H), 4.81-5.06 (m, 1 H), 5.25-5.52 (m, 1 H), 5.99 (d, 1 H, J = 8 Hz), 6.89 (d, 1 H, J = 8 Hz). The acid-catalyzed reaction, however, produces large amounts of isoprene polymer. This can be avoided by conducting the reaction under thermal conditions. Method B. Methyl coumalate (18.5 g, 120 "01) and isoprene (36 mL, 360 mmol) in 80 mL of benzene were heated 48 h at 110 "C in a sealed tube. The solvent was removed in vacuo, and silica gel chromatography (41 hexane-ether) yielded 14.17 g of a mixture of products. Smaller amounts of the undesired product were also produced. The undesired material does not interfere in the subsequent conjugate addition. Since the tedious separation proved to be impractical for obtaining large amounts of 13, the unknown compound was carried along with 13 into the next reaction. (A) -(4a,4a&8a@) -4a-(Carbomet hoxy)-3,4,4a,5,8,8a-hexahydro-4,7-dimethyl-2 H-1-benzopyran-2- Chlorosuccinimide (2.04 g, 15 mmol) was stirred in 40 mL of methylene chloride at 0 "C under NP. Dimethyl sulfide (1.51 mL, 20.5 mmol) was added dropwise, and the solution was then cooled to -25 "C. The a-hydroxy lactone 15 (2.54 g, 10 mmol) dissolved in 10 mL of methylene chloride was then added dropwise and stirred for an additional 2 h at -25 "C. Triethylamine (2.09 mL, 15 mmol) in 2 mL of methylene chloride was then added slowly. The cooling bath was removed, and the solution was stirred for 5 min and then poured into 80 mL of ether. (m, 2 H; D20 added, 1 H). (*)-(4aa,8aa)-4a-(Carbomethoxy)-4a,5,8,8a-tetrahydro-4,7-dimethyl-3-methoxy-2 H-1-benzopyran. The enol ether lactol (2.52 g, 9.4 mmol) was diwolved in 20 mL of methylene chloride at -78 "C along with triethylsilane (2.24 mL, 14.1 mmol). Boron trifluoride etherate (1.16 mL, 9.4 mmol) was added dropwise. Monitoring by TLC indicated an almost instantaneous reaction. A 500-mg sample of anhydrous potassium carbonate was added and then 2 mL of saturated sodium bicarbonate solution. The solution was then allowed to warm to 0 "C. If the solution was warmed before any base was added, the BF3 apparently attacked other functionality in the molecule because no desired product was obtained. The solution was diluted with methylene chloride, washed several times with saturated sodium bicarbonate solution, dried, and concentrated in vacuo. (*)-(4a,4aa,8aa)-4a,5,6,8a-Tetrahydro-4a-( hydroxymethyl)-4,7-dimethyl-2 H-l-benzopyran-J(4H)-one (14). The alcohol enol ether (1.10 g, 4.9 mmol) was stirred in 20 mL of aqueous THF with 5 drops of 3 N HC104 for 18 h at room temperature. The solution was diluted with an equal amount of ether, washed twice with a saturated sodium bicarbonate solution, and dried. Concentration in vacuo and silica gel chromatography
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